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Our analysis shows that SM-like electroweak phase transition (EWPT) in the SU(2)1 ⊗
SU(2)2 ⊗ U(1)Y (2-2-1) model is a first-order phase transition at the 200 GeV scale
(the SM scale). Its strength (S) is about 1− 2.7 and the masses of new gauge bosons are
larger than 1.7 TeV when the second VEV is larger than 535 GeV in a three-stage EWPT
scenario and the coupling constant of SU(2)2 group must be larger than 2. Therefore,
this first order EWPT can be used to fix VEVs and the coupling constant of the gauge
group in electro-weak models.
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1. INTRODUCTION
The Electro-weak Baryogenesis (EWBG) is a way to explain the Baryon Asymmetry
of the Universe (BAU), has been known by Three Sakharov conditions Ref. [1]. The
third condition is a first-order EWPT, not only leads to thermal imbalance Ref. [2]
but also makes a connection between B and CP violation via non-equilibrium physics
Ref. [3]. The B violations can be showed throughout the sphaleron rate which must
satisfy the decoupling conditions Ref. [4–10].
The toy hight-temperature effective potential, at the one-loop level is usually
calculated as follows:
Veff = D.(T
2 − T 20 )v2 − E.Tv3 +
λT
4
v4,
where v is the VEV of Higgs. This potential has two minima at T < TC (TC is a
critical temperature). The depth of the second minimum at TC , vC =
2E.TC
λTC
. We
1
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can see a simple thing that the effective potential has not a second minimum when
E = 0, we have a second-order phase transition.
The true act of the decoupling condition, the sphaleron rate is smaller than the
cosmological expansion rate at temperatures below the critical temperature; i.e.,
vc
TC
which can be called the EWPT strength, must be larger than unity Ref. [4].
The EWPT has been investigated in the Standard Model (SM) Ref. [2,11,14] as
well as beyond SM Refs. [15–19, 21–29, 32–47]. The EWPT strength is larger than
unity at the 200 GeV scale in SM, but the mass of Higgs boson must be less than
125 GeV Refs. [2, 11–14].
Many extensions have triggers for the first-order EWPT, heavy bosons or dark
matter candidates Refs. [18–31, 36–44, 48]. Another pretty important point is that
there are proofs that EWPT does not depend on the gauge. This allows us to
calculate EWPT in the Landau gauge as simplest and also physically adequate
Ref. [31, 45–47, 49]. In models with more doubly charged particles or bosons, the
strength will be larger Ref. [48].
The SU(2)1 ⊗ SU(2)2 ⊗ U(1)Y Model (2-2-1 model) is one extensions of SM,
which has a group structure close to SM. However, there are three coupling con-
stants, three VEVs; two exotic quarks which are in a doublet of SU(2)2 group;
one new charged and one new neutral gauge boson which are larger than 1.7 TeV
Ref. [50]. This model has two new gauge bosons which can play an important role in
the early universe. These particles and the frame of Higgs potential can be a reason
for one first-order EWPT.
This article is organized as follows. In Sect.2, a short review of the 2-2-1 model
and the corresponding Higgs potential will be presented. The electroweak phase
transition structure will be driven in Sect.3. The range of mass of charged scalar
particles and the coupling constant of SU(2)1 group are found by a first-order phase
transition condition in Sect.4. Finally, in Sect.5 we summarize and describe outlooks
for this work.
2. Review on 2-2-1 model
In this model Ref. [50], Fermion sectors are like SM,(
uL
dL
)
;
(
cL
sL
)
;
(
tL
bL
)
,
(
νeL
eL
)
;
(
νµL
µL
)
;
(
ντL
τL
)
,
uR; cR; tR, dR; sR; bR, eR;µR; τR.
The electric charges of particles are defined Qem = T
(1)
3 +T
(2)
3 +Y , with T
(1,2)
3 =
σ3
2
and σ3 is the third Pauli matrix. The SM particles can be found in the representa-
tions of SU(2)1⊗U(1)Y and singlets of SU(2)2. Besides, a vector-like quark doublet
(VLQ) Q′T = (U ′, D′), with the left-handed and right-handed chiralities transform
in the same way as in Table 1, is introduced Ref. [50]. They minimize the number
of particles and increase the decays of heavy scalar boson or Higgs. Because the
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VLQs loops can be contribute to the decay of heavy Higss and the new leptons are
not necessary to cancel the gauge anomaly Ref. [50].
Table 1. Representations and charge assignments of particles
Fermions Scalar
QL uR dR LL eR Q
′
L(R)
H1 H2 S
′
SUC(3) 3 3 3 1 1 3 1 1 1
SU(2)1 2 1 1 2 1 1 2 1 1
SU(2)2 1 1 1 1 1 2 1 2 1
U(1)Y 1/6 2/3 -1/3 -1/2 -1 1/6 1/2 1/2 0
2.1. Higgs potential
The Higgs potential with two doublets and one singlet, is given by:
V (H1, H2, S
′) =
∑
i=1,2
[µ21H
†
iHi + λi(H
†
iHi)
2] + µ2sS
′2 + λSS′4 + µ3S′3
+ λ12H
†
1H1H
†
2H2 + λ1SS
′2H†1H1 + λ2SS
′2H†2H2 (1)
+ S′(µ1SH
†
1H1 + µ2SH
†
2H2).
The scalar fields in V (H1, H2, S
′) can be expressed as:
Hi =
(
G†i
(vi + hi + iG
0
i )/
√
2
)
, S′ = (vS + S)/
√
2, (2)
where G+i , G
0
i are the Nambu-Goldstone bosons; h1,2 and S are the scalar bosons;
v1,2,S are the vevs of Higgs fields. The S field directly couples to the heavy VLQs.
S plays the role of mass generating for VLQs. They do not directly couple to SM-
particles so they are candidates for dark matter.
From the above potential, we have the mass-square matrix for the scalar bosons
Ref. [50]:
M2 =


m2h1 λ12v1v2 λ1Sv1vS +
µ1Sv1√
2
λ12v1v2 m
2
h2
λ2Sv2vS +
µ2Sv2√
2
λ1Sv1vS +
µ1Sv1√
2
λ2Sv2vS +
µ2Sv2√
2
m2S

 ,
where the masses of Higgs bosons Ref. [50] are:
m2h = m
2
h1 = 2λ1v
2
1 , m
2
h2 = 2λ2v
2
2
m2S = 2λSv
2
S +
3µSvS
2
√
2
− µ1Sv
2 + µ2Sv
2
2
2
√
2vS
.
(3)
The fields h2, S are not physical states. So it will lead to an introduction of a φ
mixing angle which sin 2φ = 2m223/(m
2
HS
−m2H). Therefore, we obtain two physical
particles and their masses Ref. [50] are
m2H/HS =
m2S +m
2
h2
2
± 1
2
√
(m2S −m2h2)2 + 4m423, (4)
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with m223 = λ2Sv2vS + v2µ2S/
√
2. However, we approximate that µ2S and λ2S are
very small Ref. [50]. The parameters λ12, λ1S are the coupling constants of h1 − h2
and h1−S. They must be small so that the Higgs decays are not too large Ref. [50].
It is clear that the off-diagonal elements of M2 will be small. Therefore m23 ∼ 0,
mHS ≈ mS ,mH ≈ mh2 . The particle h1 is considered as the SM-like Higgs h so we
use h, v instead of h1, v1 from now on.
2.2. Gauge boson sector
The masses of the gauge bosons can be found in the kinetic part of the Lagrangian
L = (DµH1)†(DµH1) + (DµH2)†(DµH2) + (DµS′)†(DµS′). (5)
We can find the masses of gauge bosons by writing the convariant derivative as:
Dµ = (∂µ − igiT (i)a Aaiµ − igY Y Bµ), (6)
where gi and A
a
iµ (a = 1, 2, 3) are the gauge coupling and gauge fields of SU(2)i,
gY and Bµ are the gauge coupling ang gauge field of U(1)Y , T
(i)
a = σa/2, where σa
are the Pauli matrices and Y is the hypercharge of a particle. We can easily obtain
the masses of SM-like and a new charged gauge boson as:
mW =
g1v
2
and mW ′ =
g2v2
2
.
The physical masses of the two neutral gauge bosons Z and Z ′ are:
m2Z/Z′ =
m2Z1 +m
2
Z2
2
± 1
2
√
(m2Z2 −m2Z1)2 + 4m4Z1Z2 ,
where
m2Z1 =
v2
4
(g21 + g
′2), m2Z2 =
v22g
4
2 + v
2g′4
4(g22 − g′2)
, m2Z1Z2 =
v2g′2
4
√
g21 + g
′2
g22 − g′2
,
with
g′ = gY cos θ, cos θ =
g2√
g22 + g
2
Y
.
Finally, the Yukawa sector as follows:
−L = yF Q¯′LQ′RS′ + ybQ¯′LH2bR + ytQ¯′LH˜2tR +mψQ¯′LQ′R +H.c (7)
3. Electroweak phase transition structure in the 2-2-1 model
The purpose of this section is to find the effective potential of 2-2-1 model. The
process will be similar to the one of SM. Higgs components and gauge bosons are
main contributors to EWPT, so determining the mass of these particles can affect
the phase separation.
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First, we have the Higgs Lagrangian of 2-2-1 model, which contains the kinetic
energy and potential parts as:
LHiggs = (DµH1)†(DµH1) + (DµH2)†(DµH2) + (DµS′)†(DµS′) + V (H1, H2, S′).
(8)
After averaging over all space, we get:
〈Hi〉 = 1√
2
(
0
vi
)
, (9)
〈S′〉 = 1√
2
vS ; i = 1, 2. (10)
Lagrangian is rewritten as below since we can consider v, v2 and vS as variables
from now on.
LHiggs =1
2
∂µv∂µv +
1
2
∂µv2∂µv2 +
1
2
∂µvS∂µvS + V0(v, v, vS)
+
∑
i=vector boson
m2i (v, v2, vS)W
µWµ +
∑
j=scalar boson
m2j(v, v2, vS)H
2, (11)
in which W and H run over all vector and scalar boson, respectively.
Table 2. Masses of bosons and fermions in 2-2-1 model.
Particles m2(v, v2, vS) m
2(v) m2(v2) m2(vS ) n
m2
W±
g2v2
4
g2v2
4
0 0 6
m2
W ′±
g2
2
v2
2
4
0
g2
2
v2
2
4
0 6
m2
Z1
∼ m2
Z
(g2 + g′2) v
2
4
(g2 + g′2) v
2
4
0 0 3
m2Z2
∼ m2
Z′
1
4
g′4v2+g4
2
v2
2
g2
2
−g′2
1
4
g′4v2
g2
2
−g′2
1
4
g4
2
v2
2
g2
2
−g′2 0 3
m2
h
= m2
h1
2λ1v2 2λ1v2 0 0 1
m2H = m
2
h2
2λ2v22 0 2λ2v
2
2 0 1
m2HS
= m2S 2λSv
2
S +
3µSvS
2
√
2
−
µ1Sv
2+µ2Sv
2
2
2
√
2vS
−
µ1Sv
2
2
√
2vS
−
µ2Sv
2
2
2
√
2vS
2λSv
2
S +
3µSvS
2
√
2
1
m2t f
2
t v
2 f2t v
2 0 0 −12
m2
T
∼ m2
U′
= m2
Q
(mψ +
yF√
2
vS)
2 0 0 (mψ +
yF√
2
vS)
2 −12
m2B ∼ m
2
D′
= m2Q (mψ +
yF√
2
vS)
2 0 0 (mψ +
yF√
2
vS)
2 −12
Table 2 contains the masses of the particles in this model Ref. [50], which depend
on the VEVs; n is the degree of freedom of the particles; g1 = 0.654, g
′ = 0.407;
g2 is unknown and it should be larger than 2 Ref. [50]. We can split the masses of
particles into 3 parts as:
m2(vS , v2, v) = m
2(vS) +m
2(v2) +m
2(v). (12)
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The tree potential V0 has the form:
V0(v, v2, vS) = V (〈H1〉, 〈H2〉, 〈S′〉) (13)
=
µ21
2
v2 +
µ22
2
v22 +
λ1
4
v4 +
λ2
4
v42 +
µ2S
2
v2S +
λS
4
v4S
+
µ3
2
√
2
v3S +
1
2
√
2
vS(µ1Sv
2 + µ2Sv
2
2) + λ12v
2v22 + λ1Sv
2
Sv
2 + λ2Sv
2
Sv
2
2
= V0(vS) + V0(v2) + V0(v) + mixing terms. (14)
If we do not neglect these mixing terms, V0 will have additional components
v22v
2, v2Sv
2, v22v
2
S . In general, at a temperature T, the effective potential depend on
VEV v, will be a example form:
Veff (v) = Λv
4−Ev3+Dv2+λk.v22v2+λj .v2Sv2 ≈ Λv4−Ev3+Dv2+λi.(v2S+v22)v2,
(15)
where λi represents µ1S , λ1S , µ1S or λ12. λ12 and λ1S must be small unless they may
cause a too large Higgs production cross section and BR for the Higgs to diphoton
decay Ref. [50].
At a slice with (v2S+v
2
2), Veff (v) has two minima. But when the larger λi is, the
clearer second minimum is not. In other works, when λi is very lager, it breaks the
two-minimum structure of the effective potential. Because of a strong EWPT, λi
must be enough small and the effective potential remains the same in an absence of
λi. Furthermore, the high order corrections of Higgs decays should not be divergent,
λi must be small. Therefore the mixing term in Eq. 13 can be neglect or it has little
effect on EWPT. This is also detailed in Ref. [53].
In the scenario for the symmetry breaking in 2-2-1 model, there are 3 phase
transitions at 3 different scales. The first with the scale vS0 ∼ few TeV, generates
the masses for exotic quarks. After that, the symmetry breaking SU(2)1⊗SU(2)2⊗
U(1)Y → SU(2)L ⊗ U(1)Y continues the job and generates the masses for two
new heavy gauge bosons W ′ and one part of Z ′ through v2. Finally, when the
universe cools down to the electroweak scale 246 GeV, the last symmetry breaking
SU(2)L⊗U(1)Y → U(1)Q through v, generates the masses for the SM-like particles
and the other part of Z ′ boson.
Multi-stage EWPT has been considered in many beyond SM models. Separation
into several phases is due to the square of particle mass without the mixing of VEVs
(except HS). This problem may be well addressed in Ref. [30].
The mass of HS has a mixing of VEVs because the Higgs potential has the
interaction among S′, H1 and H2, S′(µ1SH
†
1H1 + µ2SH
†
2H2). This will lead to a
difficulty in separating. In the next section we will approximate the mass of HS , it
can participate in one or two phases.
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4. Electroweak Phase Transition
4.1. Mass generation for vector-like Quark Q′
This phase involves one heavy Higgs boson HS , two exotic quarks, and no SM
particles. This phase transition is just a mediate stage where the exotic quarks can
get their masses by interacting with the heavy Higgs field HS . This process is purely
Yukawa interaction.
4.2. 2nd phase transition
SU(2)1 ⊗ SU(2)2 ⊗ U(1)Y → SU(2)L ⊗ U(1)Y
This phase transition involves a partly mass of new gauge bosons W ′±, Z ′, a partly
mass of two new Higgs bosons H,HS . The masses of them are functions of v2 as
the 4th column in table 2.
In Table 2, the partly mass of HS in this phase is − µ2Sv
2
2
2
√
2vS
which depend on
v2, vS . With v2 ≪ vS and the dynamics variable is v2 so we can approximate
− µ2S
2
√
2vS
∼ const, i.e., we consider the contribution of HS with an effective mass
m2HS (v2) ∼ const.v22 .
The one-loop effective potential includes the 0K and thermal contribution where
the former is V 0Keff (v2), the latter is V
T
eff (v2). V
0K
eff (v2) include the tree potential
and the vacuum contribution with the one loop corrections of all particles. After
summing all one-loop diagrams, we obtain the vacuum contribution as follows:
V 0Keff (v2) =V0(v2) +
1
64pi2
(
6m4W ′(v2) ln
m2W ′(v2)
Q2
+ 3m4Z′(v2) ln
m2Z′(v2)
Q2
+m4H(v2) ln
m2H(v2)
Q2
+m4HS (v2) ln
m2HS (v2)
Q2
)
.
Using the Bose-Enstein and Fermi-Dirac distribution for boson and fermion,
respectively, we obtain the following expression for the thermal contribution to
W ′, Z ′, H,HS :
V Teff (v2) =
T 4
4pi2
[
6F−
(
mW ′(v2)
T
)
+ 3F−
(
mZ′(v2)
T
)
+ F−
(
mH(v2)
T
)
+ F−
(
mHS (v2)
T
)]
,
where
F±
(mφ
T
)
=
∫ mφ
T
0
αJ
(1)
± (α, 0)dα, J
(1)
± (α, 0) = 2
∫ ∞
α
(x2 − α2)ν/2
ex ± 1 dx (16)
⇒


J
(1)
− (α, 0) =
pi2
3
− piα− α
2
2
(ln
α
4pi
+ C − 1
2
) +O(α2)
J
(1)
+ (α, 0) =
pi2
6
− α
2
2
(ln
α
pi
+ C − 1
2
) +O(α2),
C ≈ 0.577 (Euler Constant).
(17)
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The symmetry breaking scale is Q = v20 and the minimum conditions for
V 0Keff (v2) as follows:
V 0Keff (v20) = 0,
∂V 0Keff (v2)
∂v2
(v20) = 0,
∂2V 0Keff (v2)
∂v22
(v20) = m
2
H(v20) +m
2
HS (v20). (18)
Substituting Eqs. 16, 17 into Veff (v2) = V
0K
eff (v2)+V
T
eff (v2) with the conditions
of Eq. 18. The one-loop effective potential of the SU(2)1 ⊗ SU(2)2 ⊗ U(1)Y →
SU(2)L ⊗ U(1)Y phase transition which depends on the VEV v2, can be rewritten
as:
Veff (v2) =
λT
4
v42 − θTv32 + γ(T 2 − T 20 )v22 , (19)
where
λT =
m2H(v20) +m
2
HS
(v20)
2v220
{
1 +
1
8pi2v220(m
2
H(v20) +m
2
HS
(v20))
[
6m4W ′±(v20) ln
bT 2
m2W ′±(v20)
+3m4Z′(v20) ln
bT 2
m2Z′(v20)
+m4H(v20) ln
bT 2
m2H(v20)
+m4HS (v20) ln
bT 2
m2HS (v20)
]}
; b = 49.4,
θ =
1
12piv320
[
6m3W ′±(v20) + 3m
3
Z′,(v20) +m
3
H(v20) +m
3
HS (v20)
]
,
γ =
1
24v220
[
6m2W ′±(v20) + 3m
2
Z′(v2) +m
2
H(v20) +m
2
HS (v20)
]
,
T 20 =
1
4γ
{
m2H(v20) +m
2
HS (v20)−
1
8pi2v220
[
6m4W ′±(v20) + 3m
4
Z′(v20) +m
4
H(v20) +m
4
HS (v20)
]}
.
There are four unknown masses of Higgs bosons H,HS and two gauge bosons
W ′, Z ′. Notice that if g2 ≫ g′, the mass terms of W ′ and Z ′ in this stage will
be alike, i.e., their contribution in this phase transition are nearly equal. So we
can consider the masses of these two gauge bosons as one variable and two Higgs
bosons as another, in which the first variable is mW ′(v20) = mZ′(v20) = X and the
second variable is mH(v20) = mHS (v20) = Y . On the other hand, the masses of
new gauge bosons have to be larger than 1.7 TeV in order to satisfy the precision
of ρ−parameter measurement Ref. [50], i.e., X > 1.7 TeV.
The first, we choose an arbitrary value of the symmetry breaking scale of this
phase transition, e.g. v20 = 535 GeV. After ploting S as a function of X,Y with the
condition S = 2θλTC
≥ 1, we get Fig. 1 where we can see the upper limit of variable
X . In Fig. 1, the partly masses ofW ′ and Z ′ are only about 1.7 TeV. So we increase
the scale and continue plotting. The last, we find that v20 = 535 GeV is the least
value that fits the ρ− parameter condition and the range of the transition strength
is 1 ≤ S < 5.
We can see the range of unknown masses from Fig. 1 as:
0 GeV < mW ′(v20) = mZ′(v20) < 1700 GeV, (20)
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Fig. 1. VEV v20 = 535GeV. Thick contour S = 1, dashed contour S = 1.5, dotted contour S = 2,
dash-dotted contour Smax = 5
and
0 GeV < mH(v20) = mHS (v20) < 1370 GeV, (21)
which means we have
0 < λ2 < 3.278, 0 < g2 < 3.06. (22)
Then once again, back to the new gauge coupling, the authors of Ref. [50] have
found that the constraint from the ρ parameter becomes dominant when g2 ≥ 2,
which fits our result.
Therefore, v20 > 535 GeV, the mass of Z
′ is larger than 1700 GeV. In Figure 2,
we plot S with v20 = 750 GeV, the maximum mass of Z
′ is about 2400 GeV. So the
bigger v20 is, the larger the mass of Z
′ is.
4.3. 3rd phase transition SU(2)L ⊗ U(1)Y → U(1)Q
This phase transition involves a partly mass of new Higgs bosons HS , a partly mass
of new gauge boson Z ′, with the masses of them are functions of v as the 3rd column
in table 2. Importantly this phase involves W±, Z, Higgs boson h and top quark.
This phase is SM-like but it has more new partilces.
In Table 2, the partly mass ofHS is − µ1Sv
2
2
√
2vS
which depend on v, vS . This means
that HS is involved in this phase. Because the dynamics variable is v and we assume
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Fig. 2. VEV v20 = 750 GeV. Thick contour S = 1, dashed contour S = 1.5, dotted contour
S = 2, dash-dotted contour Smax = 4.8
v ≪ vS so − µ1S
2
√
2vS
can be approximated as const. Therefore, the contribution of
HS is considered for ”an effective mass”, i.e, m
2
Hs
(v) = const.v2.
The one loop effective potential of SU(2)L ⊗ U(1)Y → U(1)Q phase transition
with the minimum conditions are:
V 0Keff (v0) = 0,
∂V 0Keff (v)
∂v
(v0) = 0,
∂2V 0Keff (v)
∂v2
(v0) = m
2
h(v0). (23)
The symmetry breaking scale is v = 246 GeV. With the way as 2nd phase, the
one-loop effective potential can be rewritten as:
Veff (v) =
λ′T
4
v4 − θ′Tv3 + γ′(T 2 − T ′20 )v2, (24)
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where
λ′T =
m2h(v0)
2v20
{
1 +
1
8pi2v20m
2
h(v0)
[
6m4W±(v0) ln
bT 2
m2W±(v0)
+ 3m4Z(v0) ln
bT 2
m2Z(v0)
+ 3m4Z′(v0) ln
bT 2
m2Z′(v0)
+m4h(v0) ln
bT 2
m2h(v0)
+m4HS (v0) ln
bT 2
m2HS (v0)
− 12m4t (v0) ln
bFT
2
m2t (v0)
]}
; bF = 3.12,
θ′ =
1
12piv30
[
6m3W±(v0) + 3m
3
Z(v0) + 3m
3
Z′(v0) +m
3
h(v0) +m
3
HS (v0)
]
,
γ′ =
1
24v20
[
6m2W±(v0) + 3m
2
Z(v0) + 3m
2
Z′(v0) +m
2
h(v0) +m
2
HS (v0) + 6m
2
t (v0)
]
,
T ′20 =
1
4γ′
{
m2h(v0)−
1
8pi2v20
[
6m4W±(v0) + 3m
4
Z(v0) + 3m
4
Z′(v0) +m
4
h(v0) +m
4
HS (v0)− 12m4t (v0)
]}
.
In this potential, we set the mass of SM-like Higgs boson mh(v0) = 125 GeV then
there are two unknown massesmZ′(v0) andmHS (v0). Here, θ
′ has more distributions
of Z ′ and HS which do not appear in SM. The larger θ′ is, the larger strength is.
Therefore, the strength will be stronger than that of SM.
In Fig. 3, 1 ≤ S = 2θ′λ′
TC
< 2.7 can be found as the range of strength in this
EWPT to be a first-oder transition.
0 100 200 300 400
0
100
200
300
400
500
mZ’HvL@GeVD
m
H
S
Hv
L@
G
eV
D
Fig. 3. Thick contour S = 1, dashed contour S = 1.2, dotted contour S = 1.5, dash-dotted
contour Smax = 2.7
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As seen from Fig. 3, the range of unknown masses can be derived as below
0 < mZ′(v0) < 408 GeV, 95 < mHS (v0) < 524 GeV. (25)
Therefore, the mass of HS is at least about 100 GeV and we can obtain
0 <
1
4
g′4v20
g22 − g′2
< (408 GeV)2, (95 GeV)2 < − µ1Sv
2
0
2
√
2vS
< (524 GeV)2. (26)
Because vS is a VEV at a different scale, it can not be a fixed value in this
transition. Therefore, we can not get the range of µ1S itself, which means we have
to include vS . From Eq. (26), we get
g2 > 0.41, −0.422 > µ1S
vS
> −12.833. (27)
The value of g2 only has lower bound, no upper bound, consistent with the
results in Ref. [50]. This result will be also combined with the remaining results in
another phase transitions. The range of the new gauge coupling g2 here also fits
the ρ parameter condition and does not lead to a Landau pole problem, which only
occurs when g2 reaches infinity.
Note that this range, in Eq. (25), is only part of Z ′. Combining Eq.(20), Eq.(21)
and Eq.(25), we obtain a full mass range of Z ′, HS and W ′ as follows,
0 < mZ′ <
√
4082 + 17002 = 1748.27 GeV, (28)
0 < mW ′ < 1700 GeV, 0 < mH < 1370 GeV, (29)
95 < mHS <
√
5242 + 13702 = 1466.79 GeV. (30)
5. CONCLUSION AND OUTLOOKS
In this paper we have investigated the EWPT by using the high-temperature ef-
fective potential. The EWPT is strengthened by the new scalars to be the strongly
first-order, the like SM phase transition strength is in the range 1−2.75. Our results
match the condition of g2 > 2 in Ref. [50].
The expansion for a high-temperature effective potential will be better than 5%
if mbosonT < 2.2 Ref. [51], where mboson is the relevant boson mass. The mass range
in our calculations fit with this.
The most research of EWPT are in the Landau gauge. A gauge is not importantly
contributions in the EWPT, it mean that we can ignore the role of Goldstone bosons,
as researching in Refs. [45,49]. Therefore, our research about EWPT in the Landau
gauge is also sufficient.
The damping effect is in the thermal self-energy term (Σij(T )φiφj and
Πab(T )Aa0A
b
0, i.e., V
B
ring in Ref. [45]. This effect which is from the ring loop distri-
bution, still is very small. It was approximated g2T 2/m2 (g is the coupling constant
of SU(2), m is mass of boson), m ∼ 100 GeV, g ∼ 10−1 so g2/m2 ∼ 10−6. If we
add this distribution to the effective potential, the square terms will give a small
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change only. Therefore, this distribution does not change the strength of EWPT or,
in other words, it is not the origin of EWPT.
In this model, the mixing between normal quark and exotic quarks (VLQ) is
shown through the θqL (tan θ
q
L =
mqmqQ
m2
F
, mq is the masses of normal quarks, mF
is the masses of VLQs, mqQ << mF ; tan θ
q
R =
mqQ
mF
, in detail to Ref. [50]), the
masses of VLQs are very larger than of normal quarks so that θqL ∼ 0. Therefore,
FCNC can not appear at the tree level in this model. The mass of Z’ is larger than
1.7 TeV, this is not enough for turning on FCNC with normal quarks. The Current
empirical data also shows that the mass of Z’ is about some TeVs and FCNC with
VLQs can exist, at the TeV energy scale.
HS is a complex case in this model, because its mass are intertwined between
the VEVs. This complicates the separation of phase in subsequent calculations. Also
follow that the second VEV has not an upper bound so needing more constraints in
the decay channels of Higgs. Therefore we will introduce a Higgs potential correction
to determine clearly the mass of HS and v20.
Furthermore, the sphaleron is an important process in baryogenesis so we will
continue to calculate and test the sphaleron solution in this model with the Cos-
motransition code Ref. [52]. This code used a Bessel function for v(r) but it is not
flexible in changing the value of wall.
This work could serve as the basis for the calculation of cross section of the decay
Higgs to photons when connected to the data of LHC or Particle Data Group.
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